Stochastic transitivity (ST) is a property of preferences among pairs of objects formed from three alternatives, a, b, and c. In general, ST states that if a is preferred to b, and b is preferred to c, then a will be preferred to c. Stochastic transitivity can be weak, moderate, strong or strict (see text). In the present paper, we analyse the presence and degree of ST in the data from two experiments concerning 12-week-old infants' spontaneous color preferences. In the first experiment (Triads), we tested five sets of three stimuli in pairs of two (a vs. b, b vs. c, a vs. c). In each case two stimuli were chromatic and one was White. Strict ST was seen in all cases. In Experiment 2 (Complementaries), we tested White against pairs of stimuli from opposite sides of the White point (red vs. blue-green, blue vs. yellow, and green vs. purple). The purities required for equal (50/50) preference between the two chromatic stimuli were consistent with the preferences for each of the two stimuli over White. In addition, 12 new triads were generated from the Complementaries experiment. Strict ST was seen in six out of 12 cases, and Moderate ST was seen in the other six. As discussed further in the accompanying paper [Zemach, I. K., Chang, S., & Teller, D. Y. (2007) . Infant color vision: prediction of infants' spontaneous color preferences], White was the least preferred stimulus in every triad tested. Although more extensive studies are needed, the data suggest that infants' hue preferences are reasonably well behaved across different choices of stimulus pairs.
Introduction
Infants exhibit spontaneous preferences among isoluminant stimuli of different chromaticities. In a classic study, Bornstein (1975) paired stimuli of each of eight wavelengths against each other in various pairings, and averaged the looking time for each wavelength across all of the pairs in which it participated. Scored by these criteria, Bornstein found the highest preferences for wavelengths from the spectral extremes-perceptually, red and blue; and least for midspectral wavelengths-perceptually, blue-green, green, and yellow-green.
In the accompanying paper (Zemach, Chang, & Teller, 2007) , we undertook a re-examination of infant hue preferences. Instead of pairing each chromatic stimulus with several other chromatic stimuli, we paired each chromatic stimulus with a standard White. This approach has the advantage that the preference for each chromatic stimulus is measured against the same fixed standard, rather than against a changing combination of other colors. However, the question remains whether the preferences seen using the two different kinds of stimulus pairs are mutually consistent.
This question is nicely articulated using the concept of stochastic transitivity (ST). In short, utility theories represent a stimulus by a single numeric value, and preference by the order relation among the corresponding numeric values. See Tversky and Russo (1969) general, stochastic transitivity states that for stimuli a, b, and c, if a is preferred to b and b is preferred to c then a will also be preferred to c. If a is preferred to b, b is preferred to c, and c is preferred to a, the set of preferences is non-transitive (NT).
Transitivity of preferences has been important in the field of decision-making in helping psychologists and economists alike to explain consumer behavior in choosing between alternatives. Transitivity cannot be assumed to be true in any particular situation. Tversky (1969) found cases in which transitivity fails. Transitivity of preference has also been tested in perception, and Coombs (1958) found that preferences among grayscale stimuli can be non-transitive. Therefore, before changing the kinds of stimulus pairs used in testing infant color preferences, it seemed prudent to see whether we could demonstrate the compatibility of preferences measured by the two kinds of stimulus selection rules.
There are four traditional levels of stochastic transitivity (ST). They are written below from the least restrictive to the most restrictive (reviewed in Fishburn, 1973; Suppes, Krantz, Luce, & Tversky, 1989) . Let P(a, b) be the preference for a over b. If a is preferred to b then P(a, b) P 1/2. Each statement consists of two hypotheses (or antecedent conditions) and a conclusion (or consequence).
WST (weak stochastic transitivity):
P ða; bÞ P 1=2 and P ðb; cÞ P 1=2 imply P ða; cÞ P 1=2
MST (medium stochastic transitivity):
Pða; bÞ P 1=2 and P ðb; cÞ P 1=2 imply P ða; cÞ P minfP ða; bÞ; P ðb; cÞg SST (strong stochastic transitivity):
P ða; bÞ P 1=2 and P ðb; cÞ P 1=2 imply P ða; cÞ P maxfP ða; bÞ; P ðb; cÞg SSST (strict stochastic transitivity):
An > in either hypothesis implies > in the conclusion:
Clearly, each level of transitivity implies all the levels below it. That is, SSST implies SST implies MST implies WST, and a failure of WST implies NT.
In the present experiments on infant color preferences, we used triads of stimuli, two chromatic and one white. Three stimuli yield three stimulus pairs. One of the pairs consists of the two chromatic stimuli tested against each other; the other two pairs consist of each chromatic stimulus tested against white. The pairing of the two chromatic stimuli against each other represents Bornstein's method of stimulus selection. The other two pairs, in which each chromatic stimulus is tested against White, represent our method of stimulus selection. In the present experiments both kinds of stimulus pairs are tested with the same three stimuli under the same testing conditions (and in one experiment, in a within-subjects design). If the data from such triads obey a reasonable level of stochastic transitivity, then the results obtained with the two different kinds of stimulus pairs are mutually compatible (or well behaved).
Methods

Overview
In the course of the spontaneous preference experiment reported in the accompanying paper we carried out two small pilot experiments in which triads of stimuli were tested. In the Triads experiment, undertaken prior to the main experiment, sets of three stimuli were tested in all three pairings in an interleaved trials design, in order to demonstrate stochastic transitivity if it indeed occurs. In the Complementaries experiment, undertaken after the main experiment, chromatic stimuli with approximately equal preference but from opposite sides of the White point were tested against each other. These data allowed us to show that two stimuli matched in preference against each other have similar preferences against White. In addition, these data in combination with data from the main paper allowed us to form 12 more triads and use them for testing stochastic transitivity.
Subjects
Infant subjects were 12-week-olds recruited from the Communication Studies Subject Pool at the University of Washington. Each infant was healthy according to parent's report, and had no known history of color deficiency. Each infant was born within 14 days of his/her due date, and tested within the week of his/her 12-week birthday. Prior to testing, the parents were acquainted with the details of the experiment, and written consent was obtained.
In the Triad experiment individual infants were tested with 1/2-1 h sessions, on 1 or 2 days within a week time period. Each infant was tested with a chromatic test stimulus paired with white or another chromatic test stimulus. A minimum of ninety trials was required for data retention. Fifty eight infants were tested successfully, with 10-15 infants for each of the stimuli pairs. Data from seven additional infants were excluded for failure to complete the required number of trials. In the retained data sets, a mean of 90 trials per infant was obtained.
In the Complementaries experiment individual infants were tested with a single 1/2-1 h sessions. Each infant was tested with a pair of chromatic test stimuli. A minimum of 60 trials was required for data retention. A hundred and twenty infants were tested successfully, with 10 infants for each of the stimuli pairs. Data from eight additional infants were excluded for failure to complete the required number of trials. In the retained data sets, a mean of 61 trials per infant was obtained.
Apparatus and stimuli
The apparatus and stimuli were identical to those described in the accompanying paper (Zemach et al., 2006) . Stimuli were presented on a video monitor. Stimuli were 10 deg disks of various dominant wavelengths and colorimetric purities, including White. For testing of infant preferences, pairs of disks were centered 15 deg to left and right of the center of a color video display. The disks were all isoluminant to each other at 4.5 cd/m 2 and the luminance of the surround was 0.45 cd/m 2 . The colorimetric purity of a stimulus S specifies the amount of white that is mixed with a spectral color to generate S. For example, a spectral stimulus has 100% purity; white has 0% purity; and mixtures of the two generate purities that cover the range from 0 to 100%. The formula for colorimetric purity is given in the accompanying paper.
Stimulus specifications are given in Table 1 . In the text, for convenience the stimuli are denoted by color names that refer to their approximate color appearance; dominant wavelengths are given in Table 1 . The number preceding the color name indicates the colorimetric purity (for example, 58Blue specifies a blue-appearing stimulus with a dominant wavelength of 467 nm and a colorimetric purity of 58%).
Infant testing paradigm
Infants were tested with a discrete trial preferential looking technique (Chien, 2003; Teller, Pereverzeva, & Zemach, 2007) . In this technique, the pairs of stimuli are presented for a series of short trials. On each trial, an adult observer who is naïve to the locations and identities of the stimuli judges the side of the display at which the infant prefers to look. For each stimulus pair, preferences are accumulated over trials to yield preference scores-the fraction of trials on which the infant is judged to prefer one stimulus to the other.
Analysis
Each experimental triad is composed of three stimuli, S1, S2, and S3, and each data set is composed of three preference scores S1 vs. S2, S2 vs. S3, and S1 vs. S3. Determination of the level of ST satisfied by the triad requires assigning each of the stimuli to one of the variables a, b, or c in the definitions of ST given above. In each definition, there are two hypotheses (or antecedents) and one conclusion (or consequence). The two hypotheses must be satisfied if ST is to be tested.
Informally, if each of the stimuli is preferred to one other (e.g. P(S1, S2) P 1/2, P(S2, S3) P 1/2, and P(S3, S1) P 1/2), the triad of preferences is NT. The other alternative is that one of the stimuli (here S1) will be preferred to each of the other two (e.g. P(S1, S2) P 1/2, and P(S1, S3) P 1/2). Whichever stimulus, S1, S2, or S3, is preferred to each of the other two will be designated the ''most preferred'' stimulus, and identified as the variable a (so that P(a, b) P 1/2 and P(a, c) P 1/2). Moreover if there exists a ''most preferred'' stimulus, there must also exist a ''least preferred'' stimulus (here S3), which will be identified as c (so that in addition to P(a, c) P 1/2, also P(b, c) P 1/2). The remaining stimulus (here S2) is identified as b. Notice that if there exists a most preferred stimulus, NT is automatically rejected, and by definition the triad of preferences already satisfies at least weak ST. The remaining question then would concern the highest level of ST satisfied by the triad of preferences.
Alternatively, to avoid the use of rules that may seem contrived, one can test all possible assignments of S1, S2 and S3 to a,b and c. For most of the assignments, one or both of the hypotheses will not be satisfied, so transitivity cannot be tested. The rule given above automatically selects the only alternative that satisfies both hypotheses and thereby allows transitivity to be tested.
In some cases, two or more assignments of stimuli to variables allow both hypotheses to be satisfied. For example, when P(S1, S2) = 1/2 (see the Complementaries experiment), more than one assignment satisfies the hypotheses. In such cases, we designate the level of transitivity for the triad as the lowest level of transitivity that occurs among all assignments that satisfy the hypotheses.
Experiment 1: Triads
Prior to beginning data collection in the main experiment (Zemach et al., 2006) , we carried out a pilot experiment with triads of stimuli. The goal was to determine whether our approach using a standard White as one member of each pair, and Bornstein's approach of pairing two chromatic stimuli, gave compatible results; that is, whether ST holds among the triad of preferences.
Five different triads of stimuli were used: 89Red, 58Blue, and White; 48Red-2, 81Yellow-Green, and White; 58Blue, 29Blue, and White; 25Blue, 12Blue, and White; and 83Green, 48Yellow, and White. For each triad, all three possible pairs of stimuli were tested together in an interleaved trials design. To minimize possible familiarization and local adaptation effects, the order of pairs was arranged such that the same pair never occurred twice in succession, and the same stimulus never occurred in the same location twice in succession.
The data from the Triads experiment are shown in Table  2 . Preferences ranged from 84% for 58Blue vs. White to We specify the preference for the more preferred stimulus in each pair of the triad. We also specify whether the triad does or does not satisfy each of the four forms of stochastic transitivity. Column 1 shows the color names of the stimuli in each triad specified in the order S1, S2, S3, with the most preferred stimulus assigned as S1 and the least preferred as S3. Column 2 shows the preference for S1 vs. S2. Column 3 shows the preference for S2 vs. S3 and the Column 4 shows the preference for S1 vs. S3. Columns 5-8 shows whether the triad satisfies the conditions of each level of stochastic transitivity, going from WST to SSST.
55% for 83Green vs. 48Yellow. The average standard error was about 3%. In each of the five triads, SSST was observed, strongly confirming the consistency of preferences assessed with Bornstein's stimulus pairsand our own. We therefore decided to go forward with our broader program of testing each stimulus against a standard White.
Experiment 2: Complementaries
At the end of the experiments reported in the accompanying paper, we carried out an experiment in which chromatic stimuli from opposite sides of the White point were paired against each other. For brevity, we refer to a line with a constant dominant wavelength as a color line, and to two color lines from opposite sides of the White point as complementary color lines. Therefore, this experiment will be referred to as the Complementaries experiment.
By this time we knew the preferences for many different chromatic stimuli compared to White. In the Complementaries experiment, along each of three lines through the White point, the stimulus with the lower preference over White at the maximum available purity was fixed at maximum purity. Preferences were measured for this stimulus vs. stimuli from the color line on the opposite side of the White point, at several values of colorimetric purity. There were three pairs of color lines: 83Green vs. variable Purple; 48Yellow vs. variable Blue; and 31Blue-Green vs. variable Red. Each infant was tested with only a single stimulus pair (e.g. 83Green vs. 19.2Purple).
The goals of the experiment were twofold. The first goal was to find the purity of the variable stimulus that would yield a 50/50 preference against the fixed purity complementary stimulus. Such data will allow us to ask whether or not two chromatic stimuli that are equally preferred to each other (at 50/50), are both equally preferred over White (say, each at 60% preference).
The data from the Complementaries experiment are shown in Fig. 1 . For each color combination, the points show the infants' mean preferences for stimuli of various purities, each paired against the same maximum purity chromatic stimulus from the opposite side of the White point. In each case, the point at 0% purity of the variable stimulus (i.e. the variable stimulus set to White) shows the value (1-the preference for the fixed stimulus). This data point was taken from Experiment 1 in the accompanying paper. For example, in the case of purple vs. green, the 83Green stimulus was preferred to White at a value of 61%; this yields a value of (100-61), or 39% for the preference of White over 83Green. The lines through the data are Weibull functions fitted with an exponent of 1 and an upper asymptote of 0.8. The same parameters were used in the accompanying paper. The fitting routine was similar to the Weibull fits from Experiment 1 in the accompanying paper except that the lower asymptote was different for each color combination, and set at the percent preference at 0% purity of the variable stimulus. In each case, the stimulus combination that yielded 50/50 preference was estimated from the fitted curve.
The results for all three complementary pairs are shown in Table 3 . Column 1 shows a summary of the color lines and fixed complementary stimuli used. Column 2 shows the purity of the variable stimulus at which it is calculated to be equally preferred to the fixed complementary stimulus; that is, the calculated purity at which S1 = S2. we show the preference to the variable color (Purple, Blue and Red) at different colorimetric purities against a fixed purity of the other color (Green, Yellow and Blue-Green, respectively). Data were fit with a Weibull function with a slope of 1, an upper asymptote of 0.8 and a variable lower asymptote based on the preference for White against the fixed color (data from Experiment 1, accompanying paper).
Columns 3 and 4 give the preferences for each of these preference-matched stimuli against the third stimulus, S3.
The question being addressed is, are two stimuli that are matched at 50/50 preference when paired against each other, both equally preferred to the third stimulus? For purple vs. green stimuli, a 36.2Purple was required for a 50/50 preference against the 83Green. Based on the data in the accompanying paper, Table 3 gives the percent preference for the 36.2Purple and the 83Green against White at 65% and 61%, respectively. Similarly, for blue and yellow stimuli matched at 50/50 preference, blue was preferred to White at 63%, and yellow to White at 57%. And for red and blue-green stimuli matched at 50/50 preference, red was preferred to White at 53% and blue-green to White at 55%. In sum, stimuli that are equally preferred to each other at 50/50 are each about equally preferred to White.
More formally, Columns 5-8 of Table 3 specify the level of transitivity satisfied by each generated triad of preferences. All three triads satisfy WST and MST but none of them satisfies SST and SSST.
The second goal of the Complimentaries experiment was to generate a new set of triads. That is, each data point from Fig. 1 results from a pairing of two chromatic stimuli against each other, and each data point gives us one pair for a triad. These data could be combined with two more data points from Experiment 1 of the accompanying paper, in which both of these chromatic stimuli were tested against White, to complete each of 12 new triads.
The results for the 12 triads completed from the Complementaries experiment are shown in Table 4 . None of the triads were NT; all obey WST and MST. Of the 12 triads, six also obey both SST and SSST. In the other six cases, P(a, c) is too small to obey either SST or SSST. On average, P(a, c) would need to be six percentage points higher in order for the data set as a whole to obey SSST.
Discussion
The experiments described in this paper address the consistency of infant hue preferences between different choices of stimulus pairs, when identical stimuli and measurement techniques are used in all cases. In the present data set, when triads of stimuli are tested, at least some level of stochastic transitivity always holds: if stimulus S1 is preferred to stimulus S2 and S2 is preferred to S3, then S1 is always preferred to S3.
The triads of stimuli tested in the present experiments all contained White. These triads were chosen because we wanted to study infant color preferences by testing each chromatic stimulus against a fixed White standard. In all of the triads discussed here, it turned out that infants prefer both of the two chromatic stimuli to White. Thus White becomes the ''least preferred'' stimulus in each triad, and the universal ''least preferred'' stimulus across the whole data set. In the accompanying paper (Zemach et al., 2006) , many other chromatic stimuli are also shown Column 1 shows a summary of the stimulus lines from which the variable stimulus was chosen, and the complementary colors used for each stimulus line. Column 2 shows the purity of the variable stimulus at which it is calculated to be equally preferred to the fixed complementary stimulus; that is, the calculated purity at which P(S1, S2) = 0.5. Columns 3 and 4 give the preferences for each of these preference-matched stimuli against the third stimulus, S3.
Columns 5-8 are the same as in Table 2 . The Complementaries experiment becomes a triad experiment when combined with data from Experiment 1 of the accompanying paper. All conventions as in Table 2. to be preferred to White. Further discussion of this pattern of preferences can be found in the accompanying paper. In the meantime, how highly consistent are infant hue preferences among triads of stimuli, when identical stimuli and measurement techniques are used to measure all three preferences? For all of the triads we used, at least some level of stochastic transitivity-MST or higher levelsalways holds. In all the triads of the Triad experiment (which was done using an interleaved trials design) SSST held true. In addition, the Complementaries experiment shows that if two stimuli are selected to be equally preferred to each other (50/50), then the triad that consists of these two stimuli and each stimulus paired with White satisfies MST.
The data are especially well behaved in the original Triads experiment, in which all three data sets were collected on interleaved trials within the same subjects. They are less well behaved in the triads contributed by the Complementaries experiment. Thus, one possibility is that SSST always holds and departures from it are due to sampling error. The standard design variables of larger N's and within-subject measurements probably contribute to the consistency of the data in the original Triad experiment.
The second possibility is that SSST holds for some triads of stimuli but not others. In four of the six triads that do not show SSST (Table 4 ) the preference for one chromatic stimulus over the other is very high. Speculatively, these triads may not show SSST because of a ceiling effect. Under conditions similar to ours, the highest preferences seen among pairs of chromatic (and white) stimuli are limited to about 80% (Civan, Teller, & Palmer, 2005) . Perhaps failures of SSST occur when the preference for one chromatic stimulus over another is already so high that the preference for that chromatic stimulus over White is limited by this preference ceiling.
A first step towards distinguishing between these two possibilities would be to re-run the six triads that did not show SSST, using an interleaved trials design in order to reduce possible sources of variability. If these triads did not show SSST because of noise that arises from the experimental design, it is likely that SSST will hold. If not, the interesting possibility that some specific color combinations do not conform to SSST should be pursued.
The pilot data from the Triads experiment also explored the question of whether preferences among stimuli of the same hue but different purity are transitive. In the Triad experiment, two of the triads contained blue stimuli of various purities (58Blue vs. 29Blue, and 25Blue vs. 12Blue). Within each triad, the higher purity stimulus was preferred to the lower purity stimulus. Combining across the two triads, the preferences for each of these Blue stimuli over White make a consistent ordinal series, with preferences of 0. 73, 0.68, 0.66, and 0.53, respectively (cf. Teller, Civan, & Bronson-Castain, 2004 for a similar experiment on a luminance series). Thus, the data from the Triads experiment are remarkably orderly overall, and again suggest that triads of white and chromatic stimuli can yield orderly preference hierarchies.
In summary, the data of the present experiments suggest that the testing of each chromatic stimulus against white can be substituted for Bornstein's approach to stimulus selection, and still maintain continuity with his classic work. They also suggest that infants' preferences among chromatic and white stimuli can yield data with surprisingly high precision. The rejection of NT and analysis of the level of ST is useful because the higher the level of ST, the more powerfully the data can be used to constrain quantitative models of infant color preference and color vision.
